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Children and adolescents with ADHD have significantly reduced gray matter volume within the cerebellum (Castellanos et al. 2002; Carmona et al. 2005; Mackie et al. 2007; Valera et al. 2005) , and this reduction has been associated with poorer performance on a response inhibition task (McAlonan et al. 2009 ). In addition to structural differences in the brain, diffusion tensor imaging has shown abnormalities in white matter microstructure within the cerebellum in children with ADHD, possibly reflecting reduced axonal integrity (Nagel et al. 2011) . Additionally, hypo-activation of cortico-cerebellar circuits in children and adolescents with ADHD is associated with impaired motor timing (see review: Hart et al. 2012 ) and motor response inhibition (Schulz et al. 2004; Suskauer et al. 2008) .
Similar to children, adults with ADHD also have reduced cerebellar volume. When adults who were diagnosed with ADHD as children were re-examined after 33 years, ADHD probands had significant cerebellar gray matter volume deficits compared with controls (Proal et al. 2011) . Additionally, adults with ADHD have been shown to have reduced functional activity within the cerebellum during performance of both motor and non-motor tasks (Valera et al. 2005 (Valera et al. , 2010 .
The cerebellum is necessary for adaptive motor learning-a critical ability that allows for adjustment of movements to the dynamic surrounding environment. Lesions to the cerebellum prohibit visuomotor adaptation from taking place (Martin et al. 1996; Maschke et al. 2004; Rabe et al. 2009; Tseng et al. 2007 ). For example, Martin et al. (1996) investigated accuracy of throwing in individuals with cerebellar lesions and matched controls. To examine visuomotor adaptation, throws were made with and without prism glasses. Unlike healthy control participants, individuals with cerebellar lesions were unable to adapt throws to compensate for the modified visual information.
Individual differences in healthy cerebellar structure and function have also been shown to relate to performance on visuomotor adaptation tasks. Greater cerebellar activation is associated with visuomotor learning and automaticity (Della-Maggiore and McIntosh 2005) . Similarly, greater density of the white matter tracts connecting the cerebellum with the motor and premotor cortical regions is associated with a faster rate of adaptation (Della-Maggiore et al. 2009 ). Therefore, even within healthy individuals, cerebellar connectivity can predict the rate of adaptive motor learning.
In the present study, we examined whether adults with ADHD exhibit movement impairments compared to controls. In addition to testing individuals with ADHD, individuals with ADHD-like symptoms [score ≥4 on part A of the ADHD self-report scale (ASRS)] were also included. Adult ADHD is under-diagnosed with respect to its prevalence (Clarke et al. 2005; Hines et al. 2012) ; in a large-scale survey, only approximately 11 % of adults who met the diagnostic criteria for ADHD had received treatment in the previous year (Kessler et al. 2006) . By including individuals with symptoms consistent with ADHD diagnosis, regardless of actual diagnosis, we sought to examine a more representative adult sample.
To probe motor performance, we used a visuomotor adaptation task known to rely on cerebellar function (e.g., Martin et al. 1996; Maschke et al. 2004; Rabe et al. 2009; Tseng et al. 2007) . Given that the cerebellar deficits associated with ADHD are of reduced volume and white matter connectivity, but not complete lesions, we hypothesized that individuals with ADHD would be able to adapt to a visuomotor rotation task but to a lesser extent than the non-ADHD control group.
Materials and methods

Participants
Participants were 91 (49 female) young adults ranging from 18 to 30 years (M = 21.4 ± 1.95 years; Table 1 ) who received course credit for participation. Exclusion criteria included a history of neurological disorder or premature birth (<38 weeks gestational age) as premature birth has been shown to affect the cerebellum (Parker et al. 2008 ).
Diagnostic measure
The ASRS was used to classify subjects into "ADHD" or control groups. The ASRS has high internal consistency (Cronbach's α = 0.88) and high intra-class correlation coefficients for subset symptom scores (intra-class correlation coefficients = 0.83; Adler et al. 2006) . Given that the first 6 questions (part A) are most predictive of symptoms consistent with ADHD (Kessler et al. 2005) , only part A of the ASRS was used. All participants eligible to receive credit for research participation (students enrolled in Psychology courses) completed the 6 questions along with a larger pool of prescreening questions. A total of 1,414 individuals completed the prescreening questions. Of those, 20 declined to answer the 6 questions and 411 (29.5 %) of those who (Fig. 1) . Their hand was occluded from their view during the task by the monitor. A yellow cursor on the LCD screen corresponded to the twodimensional (forward-backward/left-right) position of the participant's index finger as they moved below the screen.
Procedures
All procedures were approved by the University of Massachusetts Institutional Review Board, and informed consent was obtained before the study commenced. The visuomotor rotation task was adapted from Kagerer et al. (1997) . The display on the screen consisted of five white rings. Rings were 2 cm in diameter, and those in the four corners of the screen were targets (Fig. 1) . A center circle was the starting and ending location of each movement. While the finger rested at the center ring, one of the four outer targets illuminated (black center turned white). The participant was asked to make a reaching movement with their arm (shoulder and elbow joints) in order to move the cursor to the cued target. The distance from the center circle to the target (center-to-center) was 15 cm. Participants were instructed to reach as quickly and accurately as possible to the target then return to the center. Targets were cued in a random order with each appearing an equal number of times within each phase. Participants were allowed to freely move their eyes during the task as there was no fixation point.
The task was divided into three phases. The pre-adaptation phase consisted of 32 trials of baseline reaching performance. The adaptation phase consisted of 120 trials. In this phase, the cursor position, the visual indication on the monitor of the finger position, was rotated 30° counterclockwise in relation to the actual finger position. This perturbation occurred in the first trial of this phase, and was thus sudden, rather than gradual. A 30° rotation has been shown to be an effective perturbation to observe visuomotor adaptation in control populations (Krakauer et al. 2000 (Krakauer et al. , 2005 Galea et al. 2011) and is not considered to be excessively difficult (Rentsch and Rand 2014) which may be important for use with the ADHD population. To successfully complete a reach in the adaptation phase, participants had to correct for this rotation by moving their finger 30° in the clockwise direction from the actual target location. The post-adaptation phase consisted of 12 trials in which the rotation was removed, meaning that the movement of the hand corresponded accurately with the placement of the cursor on the screen. The post-adaptation phase gauged the existence and intensity of a residual effect, or the continued compensation for the rotation immediately following its removal.
Data analysis
Each trial was visually inspected to ensure that the participant performed the task as instructed. Trials in which the Fig. 1 Visuomotor rotation task setup. The four outer white rings are targets, whereas the center ring is the "home." During the task, one of the targets will illuminate to cue the reach. The triangle represents the cursor that corresponds with the participant's finger beneath the monitor participant exhibited a highly irregular movement pattern were withheld from analysis; for example, reaches were removed if the individual first reached toward an incorrect target before adjusting to the correct target. In addition, the first two trials of the pre-adaptation phase were withheld from analysis as they were considered "practice."
Reaction time (RT), movement time (MT), and angle at maximum velocity (AMV) were determined for each reach. RT is the time it took the participant to move the cursor outside of the starting circle following the illumination of the target. MT was the time it took the participant to direct the cursor from the starting circle to the target. Consistent with prior studies of visuomotor adaptation (Paz et al. 2003; Kessler et al. 2005; Sainburg 2005, 2009 ), AMV was measured as the angle of deviation from the direct line between the center of the home circle and the center of the target circle at the point of maximum velocity during a trial. The point of maximum velocity represents a point in each trial when the participant corrected for their error.
Baseline trials were grouped into a single average for all 30 trials given the low variability in these trials. Adaptation trials were averaged into epochs of six trials per epoch. Performance for post-adaptation trials was also averaged across six trials, creating two epochs. Averaging removes differences in movement parameters due to direction of movement or noise in performance. However, due to a program error, the fifth adaptation epoch had five trials in a row toward the same target. Given that this epoch was not representative of the rest of the phase, it was removed from the analysis. Independent samples t tests were used to analyze pre-adaptation differences in performance (RT, MT, and AMV) between the ADHD and control groups. For the adaptation and post-adaptation phases, respectively, 2 × 19 and 2 × 2 mixed design ANOVAs were used to analyze the group differences (ADHD and Control) in RT, MT, and AMV across epochs. Given the violation of the assumption of sphericity in the adaptation phase for both AMV and MT measures, the Huynh-Feldt correction was used. These analyses were also run examining differences in diagnosed and undiagnosed individuals to ensure that our categorization of the "ADHD" was appropriate.
Post hoc independent samples t tests were used to identify differences in group performance across epochs when significant interactions were observed. To control for multiple comparisons, a more stringent alpha cutoff of p ≤ 0.01 was used for these analyses. In addition, to better quantify the differences in learning rates, significant interactions were further examined with simple linear regressions to determine the slope of the lines. A caveat of this method is that learning rates are likely to be more quadratic than linear in trajectories.
Results
The ADHD and control groups did not differ by age [t(89) = −0.861, p = 0.391] or gender (ADHD = 53.1 % female, Control = 54.8 % female; Table 1 ). Expectedly, there were significant differences between ASRS scores of the ADHD group and the control group [t(89) = 13.35, p < 0.001; Table 1 ]. Interestingly, within the ADHD group, there were no significant differences in ASRS scores between those who had been diagnosed with ADHD and undiagnosed individuals [t(47) = −1.415, p = 0.164; Table 1 ].
An average of 5.9 % (SD = 5.6 %) of trials were withheld from analysis due to substantial irregularities in the reach trajectory. Significantly more trials were removed from the ADHD group than the control group [t(89) = 2.107, p = 0.038]. Moreover, the percentage of trials removed per subject was significantly correlated with severity of ADHD symptoms as determined by the ASRS (r = 0.286, p = 0.006). It is possible that, given the nature of this disorder, individuals in the ADHD group made greater numbers of irregular reaches due to being more distracted or inattentive, or more impulsive on individual trials. Notably, it is necessary to eliminate these trials from subsequent analyses as measures of MT, RT, and AMV in these trials may reflect a different process than those with similar trajectories for the two groups.
Pre-adaptation phase (baseline) There were no significant baseline differences in RT [t(89) = −1.21, p = 0.230; ADHD 0.14 ± 0.04 s, Control = 0.15 ± 0.03 s] or MT [t(89) = 1.41, p = 0.163; ADHD = 1.60 ± 0.20 s, Control = 1.54 ± 0.22 s; Fig. 2 ]. Baseline AMV assessed in the pre-adaptation phase also did not differ between the ADHD (11.24 ± 5.06°) and control groups [10.34 ± 3.90°; t(89) = 0.94, p = 0.349; Fig. 3 ]. Therefore, regardless of group, all individuals performed equivalently at baseline.
Adaptation phase
Across the adaptation phase, there was a trend level difference in RT for the ADHD compared to the control group [F(1, 89) = 3.06, p = 0.083]. However, the effect size of this measure was small (partial η 2 = 0.033). There was also no significant main effect of epoch on RT [F(18, 72 These data indicate that while there are no overall differences in MT, the rate of MT correction was slower for individuals with ADHD symptoms (Fig. 2) . Post hoc analyses further support no overall group differences in MT across adaptation as MT was not significantly different between groups at any individual epoch.
We further examined whether MT performance differed between those individuals within the ADHD group, comparing those with and without an ADHD diagnosis. Within the ADHD group alone (diagnosed and undiagnosed), the significant main effect of epoch on MT remained [F(7.89,370.90) = 44.50, p < 0.001]; however, there was no significant main effect of diagnosis subgroup [F(1, 47) = 1.53, p = 0.223], nor a subgroup by epoch interaction [F(7.89,370.90) = 1.05, p = 0.402]. Therefore, the use of the ASRS for grouping into ADHD and control groups appears sufficient for this measure. Additionally, when comparing only those with a current ADHD diagnosis to the control group, the significant interaction between epoch and group remained [F(14, 280.82 When AMV was compared between the ADHD and control groups in the adaptation phase, there was a significant main effect of epoch [F(15.69, 1,396 .28) = 20.84, p < 0.001], indicating that participants were adapting to the rotation as expected as illustrated in Fig. 4 . There was also a significant main effect of group [F(1, 89) = 8.77 p = 0.004], such that AMV was greater for the ADHD (19.70 ± 0.66°) compared to the control group (16.82 ± 0.72°). Importantly, there was a significant epoch by group interaction [F(15.69, 1,396 .28) = 1.73, p = 0.038], supporting that the rate of adaptation differed between the groups (Fig. 3) . The adaptation to the rotation was significantly slower in ADHD group as indicated Fig. 2 The MT for both the ADHD and control groups across the three phases of the visuomotor adaptation task. Preadaptation is represented by the average across all trials in this phase, whereas the adaptation and post-adaptation are represented by epochs (groups of 6 trials each). Error bars reflect the standard error by a reduced slope (m = −0.451) compared to the controls (m = −0.517). Additionally, post hoc t tests were used to compare group performance across individual epochs. Significant differences in performance were observed across the adaptation phase indicating that the ADHD group was consistently more affected by the rotation throughout this phase (Fig. 3) .
We assessed whether AMV performance on the adaptation phase differed between those individuals within the ADHD group based on diagnosis status. Consistent with the above analysis, there was a significant main effect of epoch [F(14.87,698 .65) = 9.60 p < 0.001]; however, there was no significant main effect of diagnosis subgroup [F(1, 47) = 1.00, p = 0.322], nor a subgroup by epoch interaction [F(14.87,698 .65) = 0.58, p = 0.888]. This suggests that individuals within the ADHD group did not differ on their performance during the adaptation phase based on whether or not they had been diagnosed with ADHD. Further, when we compared AMV across the adaptation phase between those with an ADHD diagnosis to controls, we still found a significant main effect of group [F(1,60) = 11.06, p = 0.002), although the group by epoch interaction was no longer significant [F(14.89, 893 .08) = 1.00, p = 0.447]. When the undiagnosed individuals in the ADHD group were compared to the control group, again the main effect of group remained significant [F(1, 67) = 4.43, p = 0.039], as did the group by epoch interaction [F(14.50, 971.74 
Lastly, we considered whether the group differences in MT were related to the differences in AMV across the adaptation phase; the two measures are not necessarily independent of one another. A reach with a larger AMV is likely to take longer to complete than one with a more direct trajectory. In these data, AMV was significantly correlated with MT for both the ADHD group (r = 0.88, p < 0.001) and for the controls (r = 0.94, p < 0.001). This suggests that these two measures are not mutually exclusive and both represent the level of adaptation to the applied rotation. 
Discussion
In this study, we assessed whether adult individuals with diagnosed ADHD and ADHD symptoms show diminished visuomotor adaptation abilities. Given that ADHD is associated with cerebellar pathologies, and a known function of the cerebellum is visuomotor adaptation, it was predicted that the ADHD group, regardless of diagnosis status, would demonstrate reduced visuomotor adaptation compared to the control group. In support of our prediction, individuals with ADHD symptoms showed evidence of impaired visuomotor adaptation. This impairment is evidenced by the greater AMV and slower reduction of MT across the adaptation phase. In contrast, the control group made faster and more direct reaches throughout the adaptation phase.
These results are consistent with the hypothesized role of the cerebellum in movement impairments in individuals with ADHD. On a similar task, Della-Maggiore et al. implicate decreased cerebellar activation (Della-Maggiore and McIntosh 2005) and cerebellar connectivity (DellaMaggiore et al. 2009 ) in a reduced rate of motor adaptation in healthy young adults. Therefore, it seems likely that a reduction in cerebellar connectivity and function plays a predominant role in movement impairments in adults with ADHD.
An alternative explanation for the differences in the ADHD and control groups could be the manifestation of ADHD symptoms of impulsivity or inattentiveness. Inattentive symptoms during the task due to symptoms of ADHD should correspond with significant increases in RT or greater irregularities in movements. Impulsivity should correlate with decreased RT times. However, there were no significant group differences in RT across any measures of the task; therefore, impulsivity is unlikely to explain the adaptation results. While there were significantly more irregular reaches in the ADHD group, possibly indicating greater inattentiveness, these trials were removed from the analysis preventing them from biasing the adaptation results.
Having firmly adapted to the rotation, participants make slower movements (MT) and more extensive errors in reach direction (AMV) at the beginning of the post-adaptation phase once this rotation is removed. However, there were no differences between groups for MT or AMV for the post-adaptation phase, nor significant group by epoch interactions. This suggests that, although the rate of adaptation is slower in the ADHD group, they nonetheless successfully adapt to the rotation by the end of the phase. Therefore, the impairment is specific to the rate of learning this task, as opposed to whether or not adaptation is possible. Again, this mimics the effects seen in healthy individuals with reduced cerebellar activation and white matter connectivity; these individuals successfully adapted to the rotation despite doing so at a slower rate than those with stronger cerebellar connections (Della-Maggiore and McIntosh 2005; Della-Maggiore et al. 2009 ).
While we assume the observed deficits in adaptation in the ADHD group reflect a cerebellar deficit, it is possible that they instead reflect a role of the posterior parietal cortex (PPC). The PPC has been implicated in ADHD symptomology as part of the attentional network (see review: Katsuki and Constantinidis 2012). Animal models of ADHD show reduced metabolic capacity in the PPC (Gallo, Gonzalez-Lima and Sadile 2002) , and one of the most common genetic polymorphisms associated with ADHD, the DRD4 7-repeat allele, has also been associated with thinner cortical structure in the PPC . With respect to visuomotor adaptation, the PPC has been implicated in error detection and in the acute strategic control processes of prism adaptation (Clower et al. 1996; Pisella et al. 2004; Newport and Jackson 2006; Luauté et al. 2009 ). Comparatively, the cerebellum is thought to be important for the adaptive component or the more gradual realignment of the visual and proprioceptive representations (Pisella et al. 2004; Newport and Jackson 2006; Luauté et al. 2009 ). Therefore, while deficits in the PPC in the ADHD group might explain early differences in adaptation (within the first 5-15 trials; Newport and Jackson 2006) , the prolonged group differences in adaptation are more in line with cerebellar deficits. Additionally, the measure of AMV has been shown to reflect the more gradual sensorimotor realignment attributed to the cerebellum compared to other measures of adaptation, such as end-point error (O'Shea et al. 2014) .
It is important to note that the ADHD-related deficits in the rate of adaptation were observed using a sudden, rather than a gradual, perturbation of the visual information. While the striatum and other brain regions have been implicated in adaptation to large, sudden perturbations (Venkatakrishnan et al. 2011) , there is also strong evidence for the cerebellum's role in such adaptation. Reversible inactivation of the dentate nucleus in nonhuman primates impaired adaptation to both gradual and sudden shifts although deficits were greater with a gradual perturbation (Robertson and Miall 1999) . Conversely, individuals with severe cerebellar degeneration were profoundly impaired at adapting their movements when a visual shift was applied suddenly and yet were still capable of demonstrating visuomotor adaptation when the perturbation was applied gradually (CriscimagnaHemminger et al. 2010 ). This study suggested that motor learning of smaller errors may be possible using other neural strategies, whereas adaptation to large perturbations were very reliant on cerebellar involvement. Recently, the cerebellum has been implicated in adaptation to both gradual and sudden perturbations through observations in patients with cerebellar ataxia (Schlerf et al. 2013) . In sum, these data are consistent with a cerebellar role in motor adaptation even under sudden perturbations such as the one used here.
While most of the current literature focuses on motor deficits in children with ADHD, this study contributes to the significant gap in the literature regarding motor deficits in ADHD adults. Future research probing the changes in ADHD motor symptoms across the lifespan is warranted. The results of this behavioral study further demonstrate the need to examine cerebellar dysfunction in individuals with ADHD. The cerebellum is clearly implicated in movement coordination (see review: Thach et al. 1992) , motor sequencing (Braitenberg et al. 1997; Spencer and Ivry 2009) , and movement timing (Ivry and Spencer 2004) . Some of the earliest motor behavioral research on ADHD showed delays in timed repetitive and sequential movements (Denckla and Rudel 1978) . Working to expand our understanding of how the cerebellum is affected in individuals with ADHD across all age groups will facilitate the formulation of strategies for improving adaptive motor learning ability and alleviating the motor symptoms of ADHD.
